Mechanochemical treatment with carbohydrates leads to the successful exfoliation of graphite and this can be considered as a green approach to the preparation of graphene. Glucose, fructose and saccharose were used and the former showed the best exfoliation behaviour to generate graphene materials with a relatively low number of defects, as evidenced by Raman spectroscopy. The addition of small amounts of water to the ball milling treatment led to the formation of glucose-graphene co-crystals, which exhibited superior properties in terms of colloidal stability and minimization of cell toxicity.
Introduction
Green Chemistry protocols are being gradually transferred to the design of nanomaterials, with the preparation of gold and silver nanoparticles being successful examples of this trend. [1] [2] [3] However, every nanotechnology follows its own journey and carbon nanomaterials still provide challenging opportunities for the development of green approaches, which could minimize toxicity and enhance the functionality of the final products.
Of the different carbon nanomaterials, graphene has emerged as a promising entity in numerous applications, including biological systems, and continuous efforts are committed to translating the novel material properties into real products and innovative technologies. However, despite the fact that there are different approaches to produce graphene materials and some of these products are starting to be produced at industrial scale, 4 many of these synthetic processes require the use of toxic solvents such as DMF and NMP 5 and/ or harsh conditions and corrosive acids, 6 which also produce hazardous wastes. Several studies have already been published on the preparation of graphene materials by sustainable methodologies such as electrochemical exfoliation in water, 7 sonication in water/alcohol, 8 or sonication with natural compounds, 9 liquid exfoliation in water, 10, 11 and supercritical fluids. [12] [13] [14] In other studies the exfoliation of graphite in water has been performed using pyrene derivatives, [15] [16] [17] anionic surfactants, 18 polymers 19 or proteins. 20, 21 However, these methodologies normally suffer from low yields (around 10% in weight), low concentrations of final material and/or low stability of the aqueous dispersions. 22 Therefore, there is still a need to design protocols for the preparation of graphene materials in a sustainable way. Increased funding has been committed to assess the environmental and health impact of graphene materials as well as its application in biomedicine. 23 While significant advances have been made, the main challenge concerns the poor stability of graphene materials in aqueous systems. This drawback is usually overcome with the use of surfactants or cosolvents, 24, 25 which are often contaminants. An alternative option is to increase the surface oxygenation of the final material by preparing graphene derivatives such as graphene oxide, a material with completely different properties. 26, 27 The demanding situation outlined above offers extensive research opportunities. How can we design a water-soluble graphene material that is suitable for use in biomedical studies without changing the chemical characteristics of graphene? Can this design be optimized for green chemistry principles such as energy minimization, waste reduction and safe solvents and reaction media?
Pharmaceutical companies have long dealt with solubility problems. Most of the new active pharmaceutical ingredients (API) display poor aqueous solubility, mainly due to the increase in molecular size. This issue has commonly been solved by the preparation of salts, but what can be done with non-ionizable drugs? One solution is provided by the formation of cocrystals. [28] [29] [30] Pharmaceutical cocrystals are generally formed by an API and compounds known as GRAS (Generally Regarded As Safe). The modular nature of cocrystals has opened up a vast area of opportunity for effective therapies and has transformed biologically active compounds into viable products by providing remediations for a variety of problems, including poor hydration stability, 31 compressibility, 32 poor thermal properties, 33 low solubility and insufficient dissolution rates. 34 Mechanochemical methods are recognized as the most effective ways to generate cocrystals. 35 Different groups have demonstrated that cocrystals can be formed in neat grinding processes, i.e., by simply grinding the solid reactants together. The grinding can be conducted either manually, using a mortar and pestle, or in a ball milling process. However, the best results are frequently obtained by Liquid Assisted Grinding (LAG), 36, 37 in which small amounts, even molar equivalents, of solvents can dramatically accelerate cocrystal formation. Mechanochemistry has also gained increasing importance in the preparation and functionalization of carbon nanostructures. [38] [39] [40] Mechanochemical protocols have many advantages over their liquid-phase counterparts, including processes with shorter reaction times, higher product yields and the elimination of (harmful) organic solvents, which make the approach more sustainable. In this sense, mechanochemistry has been successfully applied for the low-cost mass production of graphene. 41 Ball-milling of graphite has been performed with dry ice, 42 cellulose 43 and other natural compounds. 44 However, these methodologies still have limitations when producing aqueous graphene dispersions with reasonable concentrations in water and culture media 45 and they are not suitable for biological applications. The aim of the work described here was to develop an environmentally friendly, economical and simple approach for the synthesis of water-soluble graphene materials that would be useful for biological purposes. We also considered green chemistry objectives such as energy efficiency, process safety and waste reduction. With this goal in mind, we relied on abundant, renewable and non-toxic carbon resources, e.g., carbohydrates, as exfoliating agents for graphite through a mechanochemical process under solvent free conditions. Theoretical studies were performed in order to tune the exfoliation process. The final graphene material was thoroughly characterised and we also evaluated the formation of possible glucose-graphene cocrystals. The stability of the final materials in aqueous systems was analysed and it was confirmed that graphene-glucose cocrystal powders give higher performance in terms of stability of aqueous dispersions. Moreover, preliminary toxicological tests were carried out to investigate the safety of the designed materials.
Results and discussion
Theoretical study of exfoliation of graphite with carbohydrates
As a first step, we aimed to understand, from a theoretical point of view, if carbohydrates could act as exfoliation agents for graphite. The carbohydrates investigated were sucrose, glucose and fructose.
Sucrose is a disaccharide combination of the monosaccharides glucose and fructose. The structural data for glucose and fructose were extracted from the same XRD structure of sucrose. 46, 47 Based on our experience in the theoretical study of the exfoliation of graphite with melamine, 48 density functional theory (DFT-D) was used to investigate the interaction of sucrose, glucose and fructose with graphene. The case of glucose is represented in Fig. 1 (data for sucrose and fructose are collected in Fig. S1 & S2, † respectively). The total adsorption energies (E ads-SWE ) are favourable for all three carbohydrates (see Table S1 †) and they have been further decomposed into three main contributions:
where E G-SWE is the total energy of the system, E G″ and E G the energies of the supercell and the unitary cell of graphene, respectively; and E SWE is the energy of an isolated carbohydrate molecule (n and m are the number of graphene unit cells and molecules, respectively). From this analysis one can determine the direct interaction energy between the total carbohydrate supramolecular network and graphene (E G-SWE ), the distortion energy of graphene from its unperturbed equilibrium structure (E G-dist ) and the cohesive energy of the carbohydrate supramolecular network (E SWEnet ). The decomposition of the adsorption energies is collected in Fig. 2 and Table S1 . † In previous studies we have shown the ability of melamine to behave as an exfoliating agent for graphite. 49, 50 In comparison to our previous theoretical study, we observed similar adsorption energies for the isolated molecules (E ads ∼ −0.5 eV). 48 The interaction between the carbohydrates and graphene is produced by the hydroxyl groups (-OH), which behave in a similar way to the amino groups in melamine. 49, 51 The supramolecular network was selected to maximise the covered area of graphene and to exploit the maximum number of intermolecular interactions. As coverage increased, i.e., from loose (L) to compact (C), similar behaviour of the adsorption energies was observed as in the melamine studies. Both E G-SWE and E SWEnet became more negative and this contributed to the overall adsorption energies. In this case, glucose and fructose gave the most marked gain in E SWEnet in the loose network (L), which indicates a better disposition to form supramolecular networks: when the carbohydrates interact with each other, the -OH groups are partially involved in the carbohydrate-graphene interaction.
However, the abundance of -OH groups in these molecules makes the effects less significant than with melamine. A similar elongation of the average distance between all carbohydrates and the graphene layer was also observed (Table S1 †) . Moreover, the carbohydrate adsorption on increasing coverage did not affect the planar structure of graphene. The distortion energies E G-dist listed in Fig. 2 are very similar in all cases and are close to zero in the supramolecular networks. Consequently, the graphene electronic structure retains its main features, as shown by the calculated Projected Density of States (PDOS) in Fig. S3 in the ESI. †
The variation in E SWEnet represents the energy contribution from the intermolecular H-bond network. The formation of the supramolecular networks is driven by the strength of the H-bonding interactions (around −0.19/−0.37 eV) ( Table 1) . The E SWEnet energy variation (around 0.2/0.3 eV) depends on the different intermolecular interactions at different coverage levels and it is a result of the degrees of freedom of the multiple -OH groups.
From the theoretical perspective, glucose can act as a better exfoliating agent given that the formation of the supramolecular network leads to a higher energy gain than for the other molecules. Moreover, these interactions are in the same energy range as those predicted for other exfoliating agents and H 2 O interactions, 48 which is considered to be the driving force for the stabilization of supramolecular systems such as melaminegraphene in aqueous dispersions.
Mechanochemical production of few-layer graphene (FLG) using glucose as exfoliating agent
In an effort to confirm the theoretical results, we compared the exfoliation of graphite using melamine (sample 1), glucose (sample 2), sucrose (sample 3) and fructose (sample 4) as exfoliating agents in the mechanochemical treatment of graphite.
In a first approach, and as a comparison, the experimental conditions reported previously by us for the melamine exfoliation of graphite 45, 49, 52 were used for the preparation of FLG by ball-milling treatment. In a typical experiment, 7.5 mg of graphite and 0.16 mmol of the carbohydrate or melamine were ball-milled at 100 rpm for 30 min in a stainless-steel grinding bowl with ten stainless steel balls (1 cm diameter) in an air atmosphere. After the treatment, the resulting solid mixtures were dispersed in 20 mL of water to give a black dispersion in each case. The exfoliating agent was removed and recovered by dialysis (see ESI †). 45, 49, 52 The final dispersions ( Fig. 3 ) were stable at room temperature for several weeks. A comparison between the dispersions obtained using the different exfoliating agents can be made from the results in Table 2 . The highest graphene concentration was obtained on using melamine, closely followed by glucose ( Table 2 ).
The experimental results are in good agreement with the theoretical insight, and glucose was proposed as a good substitute for melamine in the exfoliation of graphite while avoiding the use of a toxic starting material (melamine) in the preparation of graphene. Further studies were carried out to optimise the exfoliation of graphite using glucose. Experiments were performed using similar mechanochemical treatments under solvent-free conditions, which were denoted as neat grinding conditions. Huang et al. described the use of polysaccharides and other thermoplastic polymers as exfoliation agents for graphite in ball milling treatments. 43 They also attempted the use of glucose as an exfoliating agent without success and only observed glue-like materials. In the work reported here the milling conditions were modified in order to avoid glucose melting. We first optimized the treatment time with a fixed ratio of graphite/glucose (75 mg graphite and 4.5 g of glucose) in a 250 mL stainless-steel grinding bowl with 15 stainless steel balls (2 cm diameter each) at a 250 rpm. After the treatment, the resulting solid was suspended in 100 mL of water, sonicated for 1 min and centrifuged at 1500 rpm for 15 min. The samples were subsequently dialysed to remove glucose and the final aqueous graphene dispersions were lyophilised at −80°C at a pressure of 0.005 bar (see ESI † for Experimental details). Glucose was recovered from the permeate (up to 85-90%). Characterization of the recovered material by NMR spectroscopy ( Fig. S4 †) confirmed that glucose had not been modified during the milling treatment, which allowed this material to be reused for further exfoliation. This finding is consistent with the established principles of Green Chemistry for reducing waste and reusing materials.
The treatment outlined above afforded dry powdered graphene materials and these were characterised by Raman spectroscopy to determine the conditions that provided the best final product. The results of the Raman study provided the relation between the intensities of D (I D ), G (I G ) and 2D (I 2D ) bands present in carbon nanomaterials (see Fig. 4) . 54, 55 The full width at half maximum (FWHM) of the 2D band provides information on the average thickness of the graphene sheets 56, 57 and narrow 2D bands have been reported for a low number of layers. Moreover, the number of layers (N G ) in the final graphene material was calculated from the equation described by Coleman et al., 58 using the information obtained from the 2D band positions, and the intensity ratio between the D and G bands (I D /I G ) was used to quantify the density of defects in the graphene (Fig. 4) . 59, 60 A direct correlation was observed between long mechanochemical treatments and a high number of defects. The graphene presented the highest I D /I G (around 1.8) after a grinding time of 8 h. Regarding FWHM and N G , very few differences were observed between 2 and 8 h of mechanochemical treatment. However, the final yield in the graphene production was very different, with graphene yields of 20 and 47%, respectively, obtained for grinding times of 2 and 4 h, as calculated from the starting mass of graphite. A treatment time of 8 h gave a very low quantity of graphene material (<10% in mass).
Finally, the variation of the ratio between graphite (75 mg) and glucose (from 2.5 to 4.5 g) was studied for a mechanochemical treatment time of 4 h. On using less than 2.5 g of glucose a very low yield of graphite exfoliation was observed. In general, similar data were observed for I D /I G and N G , and the main differences were observed in the FWHM, with a narrow 2D band observed for the treatment with 4.5 g of glucose.
In view of these results, we further characterised the graphene material obtained with the best milling conditions, denoted as Neat 2h and Neat 4h (75 mg of graphite and 4.5 g of glucose and 2 and 4 h of ball milling, respectively). A representative Raman spectrum of Neat 2h is shown in Fig. 5 . The I D /I G values were around 0.7 and a low N G (2-3 layers) was (Fig. 4) . The size distribution of Neat 2h graphene is very homogeneous, with an average size of 120 nm. Neat 4h exfoliation conditions ( Fig. 6 ) gave two different populations of graphene materials, namely FLG1 (FLG of <100 nm, average of 50 nm) and FLG2 (FLG of 100-300 nm). The possibility of obtaining graphene materials of different sizes for use in biological studies is considered a challenging task. Some authors have already shown different cell responses on using graphene oxide of different dimensions.
The high yield obtained in Neat 4 conditions allowed the separation of the different populations by simply allowing the water dispersion to stand for 5 days. FLG1 was obtained in the supernatant of the solution, while FLG2 was present in the lower sections of the solution. The TEM images in Fig. 6 are representative of the graphene samples. A statistical analysis of FLG1 samples (<100 nm) showed that the major components are graphene flakes of around 40 nm and FLG2 graphene with a different size distribution, between 100-300 nm (centred on (Fig. S5 †) .
Both FLG1 and FLG2 have similar Raman spectra (Fig. 7) . The I 2D /I G ratio, with values of less than 1, confirms the presence of few-layers graphene (Fig. 7(a) ). 61 The I D /I G ranges from 1.4 to 1.2 ( Fig. 7(b) ) and FLG1 has a higher value, which correlates with smaller flakes. If we compare the BET value obtained for graphene prepared using glucose as exfoliating agent (134 m 2 g −1 , data in the ESI of this manuscript, Fig. S6 †) with the one of graphene prepared using melamine (10 m 2 g −1 ), 62 the value is much higher for the material described in the present manuscript. However, the theoretical surface area of pristine graphene is 2630 m 2 g −1 .
63 Some authors have already pointed out that BET surface areas of dry powders are affected by the agglomeration of the material in the powder. 64 In this sense, the hypothetical data of pristine graphene could be observed if no overlaps between the sheets exits in the solid powder. The fact that graphene prepared using glucose is smaller and present a higher number of edge defects agrees well with this idea of less agglomeration in the dry powder and correlates with the a lower thermal stability observed by TGA. Thermogravimetric analysis (TGA) of FLG1 and FLG2 was performed under an inert atmosphere (Fig. S7 †) . FLG2 is more stable than FLG1 and this corresponds to the lower number of defects observed by Raman spectroscopy. The average weight loss at 600°C in FLG1 samples is 33% (9% for FLG2). This is due to pyrolysis of the residual oxygen-containing groups at the edges or on the graphene surface. 65 The two principal weight losses between 200°C and 400°C involve the evolution/ decomposition of oxygen functional groups, firstly the carboxylate groups (RCOO-), which seems to be more significant in 
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Green Chem., 2018, 00, 1-12 | 5 , and then the carbonyl (CvO) and the rest of the oxygenated groups. 65 TGA under air of FLG1 and FLG2 are presented in Fig. S7 , † where it is evident that FLG2 has a higher thermal stability than FLG1. The lower thermal stability of FLG1 could indicate the presence of a higher number of oxygen groups, which could be related to the size of the layers. In this sense, our TGA results correlate well with the XPS data 67,68 (see below). XPS was employed to evaluate the type and abundance of oxygen groups in the samples (Fig. S8 † and Table 3 ). The C 1s core-level spectra were fitted with Gaussian-Lorentzian (90G/ 10L) peaks to give four or three main components with different binding energies: 284.5 eV (sp 2 carbon bonds, non- . 66 The relative area of the peak corresponding to the sp 2 bonds is higher for FLG2
and this is consistent with the Raman spectra. Overall the O-content in FLG1 is higher than in FLG2 and the distribution of oxygenated groups is different in each sample (Fig. S8 †) . In FLG1 a higher number of carboxylic groups is observed and this is consistent with the TGA curves. A wide scan XPS spectra has been included in the ESI (Fig. S8 †) . Finally, the colloidal properties of graphene in water were evaluated by UV-Vis absorption spectroscopy at 660 nm. The absorption values can be correlated with the concentration of the lyophilized graphene powders after re-suspension in deionised water. 45 These re-dispersions of FLG1, FLG2 in water were performed at different initial concentrations (0.2, 0.1 and 0.05 mg mL −1 in Fig. 8 ).
FLG1 showed higher stability, with a sedimentation below 20% after 24 h, while FLG2 showed a sedimentation range of 30-40% at the same time. In aqueous dispersions, particle motions result in collisions that may give rise to agglomeration and can eventually produce sedimentation. The formation of these aggregates depends on the initial size of the graphene flakes and the surface chemistry, which explains the better colloidal stability of the smaller flakes (FLG1). The process is faster in the first few hours and then it becomes stationary.
Several conclusions can be drawn in terms of differences between melamine and glucose as exfoliating agents for the preparation of graphene. Firstly, exfoliation with melamine is easier than with glucose and longer milling times and a higher ratio between glucose and graphite are required. However, the size of the final graphene material can be modified easily upon using glucose to obtain products with higher stability in aqueous media. Moreover, the greatest advantage of this methodology is that it avoids the use of toxic melamine, which makes the present material ideal for biological experiments and applications.
Mechanochemical synthesis of graphene-glucose cocrystals
As described in the previous section, only graphene flakes with very small sizes are able to form colloidal dispersions in water and these are stable for several hours but mainly have very low concentrations. If higher concentrations are required precipitation occurs -mainly during the first 2 h -and this may be a concern in biological studies. As discussed in the introduction, the formation of cocrystals could provide a way to increase the dispersion of the solid samples in aqueous suspensions by simply changing their solid-state condition without modifying their chemical structure.
Glucose has already been used as a GRAS compound in different models, for example to increase the stability of lithium salts as an improvement in the development of new lithium therapeutics. 69 Following this idea, and having proved that glucose can behave as a good exfoliating agent, we investigated the formation of possible glucose-graphene cocrystals. It has been reported that the formation of cocrystals can be achieved by simple exposure of solid mixtures to water and subsequent lyophilisation. 70 As a consequence, the mechanochemical treatment described in the previous section (Neat 2h and Neat 4h) was applied and the resulting graphene-glucose solids were suspended in 100 mL of water, sonicated and centrifuged at 1500 rpm for 15 min. Dialysis was not performed in this case and the samples were subsequently lyophilised at −80°C at a pressure of 0.005 bar. Finally, the solid samples were characterised, without further treatment, by PXRD and Raman spectroscopy (see ESI † for further information). The PXRD study showed that Neat samples mostly consisted of glucose and graphene. The pattern in Fig. 9 mainly contains glucose peaks for Neat 2h (Neat 4h in Fig. S9 †) . The reduction of the characteristic 26.5°graphite peak corresponding to the surface (002) can be associated with highly efficient graphite exfoliation (Fig. S10 †) , as described in the literature. 71 The intensity of this peak cannot be observed due to the higher Other peaks that could be assigned to the formation of a cocrystal structure were not observed for any of these neat conditions. In view of these results outlined above, it was decided to use Liquid Assisted Grinding (LAG) conditions, which are known to favour the formation of cocrystals. In this second approach the mechanochemical procedure was modified by introducing small quantities of deionized water. The experimental process consisted of the introduction of graphite (75 mg) with 4.5 g of glucose and 2.5 mL of water in a 250 mL stainless steel grinding bowl with 15 stainless steel balls (2 cm diameter each). These samples were ball-milled at 250 rpm for 2 or 4 h. Finally, the solid samples were suspended in 100 mL of water and centrifuged and lyophilised under the same conditions as for the neat samples. The final amount of graphene in these samples was calculated with respect to the 1 mg powder sample in 1 mL of deionized water (Table 4 ). The graphene percentage was obtained after linear calibration with known quantities of graphene and glucose mixtures at 660 nm and was corroborated by the analysis of glucose calculated in a UV-test from Boehringer Mannheim (see ESI, Fig. S11 †) .
It can be seen from the results in Table 4 that the amount of graphene is very similar in Neat and LAG samples, although PXRD and Raman spectroscopy revealed different results.
Regarding the PXRD on the LAG sample, a relevant number of new and displaced peaks was observed in comparison to glucose and glucose hydrate, which could indicate the presence of cocrystal structures (Fig. 9 LAG 2h, Fig. S12 † LAG  4h) . 72 The cocrystal reflections are present in the peaks in the 10-15°and the 22-55°regions, where the biggest modifications are observed and new peaks appear. It seems that the presence of water in the exfoliation process is required in order to produce the cocrystals. These findings are in line with those described by Zaworotko et al., who showed that in a system with an imbalance in the number of acceptor and donor molecules, water molecules could help to stabilise the cocrystal structure. 73 Analysis of the HRTEM images of LAG samples (Fig. S13 †) showed that the observed crystal structure had interplanar distances in the range 4.2-4.7 Å, which could correspond to the appearance of the 2theta angle in the range 18.9-21.3°. These angles are similar to those of some of the new peaks observed in the cocrystal. The Raman spectrum was recorded for each sample and these spectra provide information on the vibrational mode frequencies of the intermolecular and intramolecular bonds but can also give information on the quality of the exfoliated graphene. The results for the neat grinding are consistent with those of the PXRD study: only glucose and graphene bands were observed for both Neat 2h and Neat 4h (Fig. 10 and Fig. S14 †) , with the graphene bands being the main component. However, LAG samples showed graphene bands together with new bands that differed from the glucose and glucose hydrate bands, which could result from the supramolecular formation of a cocrystal structure (Fig. 10D) . These results are in good agreement with the PXRD results.
The quality of the graphene in the possible cocrystals was further investigated by studying the variation in the intensities of the graphene bands in the Raman spectra (Fig. S15 †) . The study focused on the ratio of the intensities of the D and G bands (I D /I G ). The results are collected in Fig. S15 † (LAG 4h in Fig. S16 †) and they show that the LAG conditions produce a decrease in the number of defects in the structure of graphene in comparison with the neat samples. The FWHM data for the Fig. 9 Powder X-ray diffraction results for glucose, glucose hydrate and neat /LAG conditions for the formation of exfoliated graphene on cocrystals. a Graphene content determined from a 1 mg sample of cocrystal measured by UV at 660 nm (ESI). 
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and N G of 2-3 layers. TGA was carried out to analyse the possible cocrystals (Fig. S17 †) . Neat samples had similar thermal stability to glucose samples, with two principal weight losses, which take place at around 200°C and 400°C. These thermograms present the typical shape for glucose, 74 which supports the idea that neat samples are simply amorphous mixtures of glucose and graphene. The LAG samples, however, showed differences when compared to glucose. These samples display an initial loss (average between 7-10%) at around 97°C. This could be due to the structural water present in the cocrystal samples. LAG samples had lower thermal stability, as can be observed from the second and third weight losses (Table 5) . This behaviour has also been observed for other cocrystals, 75 but this is the first cocrystal sample involving carbon nanostructures and its behaviour is mostly underexplored. Finally, after the weight loss at 600°C for all neat and LAG samples only around 10-20% of the material remained. 74 The colloidal stability of graphene was evaluated by UV-Vis absorption spectroscopy at 660 nm to determine the concentration of graphene in FLG (Neat 4h) and Cocrystal (LAG 2h) samples over time (Fig. 11) . These samples were re-dispersed in water and culture media at different initial concentrations (0.2, 0.1 and 0.05 mg mL −1 ). A higher stability was observed for graphene in the cocrystal sample in comparison with FLG. Partial sedimentation of FLG in water occurred after the first 10 h. The average sedimentation levels of FLG and cocrystal samples in water solutions after 24 h are 48.9% and 19.5%, respectively. It is known that carbon nanostructures are stabilized when dispersed with serum derivatives (such as fetal bovine serum, FBS), the proteins of which are able to cover the nanostructure surfaces and thus improve long-term colloidal stability. 76, 77 This behaviour has already been studied in our research group. 45 For this reason, it was decided to analyse the colloidal stability of both FLG and glucose-FLG cocrystals in culture media (supplemented with FBS and an antibiotic), which are the most useful media for biological studies. In these culture media, the stability of both samples were improved but the cocrystal samples had a slightly better profile. The average sedimentation levels for FLG and cocrystals in culture media after 24 h were 31.1% and 22.6%, respectively.
Toxicity of FLGs on human skin cells
Preliminary studies were carried out to determine whether the formation of glucose-graphene cocrystals affects the ability of FLG to interact with human cells, and specifically with human barriers. For this reason, the effects of FLG prepared by neat and LAG conditions on human skin keratinocytes (HaCaT) were compared, in particular, samples denoted as Neat 2h and LAG 2h in the present work. Human skin keratinocytes (HaCaT) were employed and this is a non-transformed cell line used as standard in vitro model to study cutaneous toxicity. It has been previously reported that different GRMs such as GO, FLG, GQDs, etc., could induce cell toxicity and promote apoptosis and necrosis in diverse transformed and non-transformed cell lines including HaCaT. [78] [79] [80] The combination of FLGs with other molecules could determine their ability to interact with human cells and tissues. In fact, some authors have already described the ability of glucose and other monosaccharides to passivate the nanoparticle surface and affect the internalization into the cell. Glucose coating can also affect the protein corona composition, biodistribution and in vivo biodegradation.
The results obtained in this study indicate that the two materials produce a dose-dependent reduction of the total number of cells after 24 h treatment with the glucose-FLG cocrystals or FLG, with the effect only being significant at high doses of 100 µg mL −1 (Fig. 12, left-hand graph) . This decrease in the number of total cells is due to a parallel induction of necrosis (Fig. 12 , right-hand graph) and apoptotic-programmed cell death (Fig. 13) , with the latter effect being predominant. As far as death cells are concerned, FLG was more potent than cocrystals in triggering necrosis and this was significant at doses of 50 and 100 µg mL −1 of the compounds (Fig. 12 , right-hand graph). This effect was even more marked for apoptosis, while graphene in the form of a glucose cocrys- tal proved to be less toxic than FLG alone, also at doses of 50 and 100 µg mL −1 (Fig. 13) .
Pelin et al. recently observed significant cellular damage, on the same skin keratinocytes model used in our study, induced by FLG only at high concentrations (>30 μg mL −1 ) after 72 h from administration. 78 Similar effects were recently reported for other GRMs. 81 The results of this study confirm that combining FLG in cocrystals with glucose is less toxic than FLG alone, which could be related to an increase in solubility, stability in the culture media and probably in cell uptake, as reported recently for GO. 82 Further studies must be performed to ascertain whether the formation of the cocrystal affects the graphene cellular internalization route and if this property can be exploited in active cell targeting. Our efforts will continue in this direction.
Conclusions
A mechanochemical treatment with carbohydrates was successfully applied to exfoliate graphite in a simple and green approach. Of the various carbohydrates tested, glucose showed the best behaviour in terms of exfoliation to generate few layer graphene with a relatively low number of defects, as evidenced by Raman spectroscopy. The addition of molar equivalents of water to the ball milling treatment allowed the formation of glucose-graphene cocrystals. As happens with drugs, glucosegraphene cocrystals form reasonable dispersions in water and have optimal colloidal stability. The glucose-graphene cocrystals were also tested in interactions with skin cells. The results show that the cocrystals were less toxic than pure FLG and this highlights the possibility of using the cocrystals for biological applications of graphene.
Experimental

Computational details
The structural and electronic features of these carbohydrate molecules on graphene were characterised by periodic spinpolarized density functional theory (DFT) 83, 84 with standard projector augmented wave (PAW) potentials, 85, 86 as implemented in the VASP code. [87] [88] [89] The Perdew-BurkeErnzerhof (PBE) 90, 91 functional was used with a kinetic energy cut-off of 750 eV for the plane wave basis set to converge the total energy of our systems within 1 meV fu −1 . The supramolecular network was applied using the conjugate gradient method until the forces were below 0.03 eV Å −1 on all atoms.
Each graphene cell was modelled with a vacuum space larger than 15 Å between repeated images, and dipole corrections were applied.
92
The dispersion-corrected DFT scheme (DFT-D) proposed by Grimme 93 was employed and in this approach weak interactions are accounted for as a general dispersion correction to the DFT energy given by an attractive semi-empirical pair potential. This methodology is widely reported in the literature for carbon-based nanostructures [94] [95] [96] and delivers results that are qualitatively comparable to more expensive computational methods with experimental data. In particular, the most recent DFT-D, i.e. DFT-D3, with the Becke-Johnson damping function (BJ) 97, 98 as implemented in VASP was applied.
A Γ-centred 21 × 21 × 1 k-point Monkhorst-Pack mesh grid was used for the graphene unit cell and appropriate scaling of these values was carried out in each case depending on the size of the supercell under study. The Brillouin zone was integrated with the Gaussian smearing method (0.01 eV as smearing width), except in the case of density of state analysis (PDOS), where the tetrahedron smearing method with Blöchl corrections was used. 99 
Characterization techniques
Powder X-ray diffraction (PXRD). Powder X-ray diffraction (PXRD) data were recorded on a Philips (Panalytical) model X'Pert MPD diffractometer using Cu KAlpha1 (1.54056 Angstroms) at 40 kV and 40 mA. Diffraction patterns were collected over a range of 5-60°2θ at a scan rate of 0.01°2θ min
and a scan velocity of 0.004°s −1 .
Raman spectroscopy. Raman spectra were recorded on an InVia Renishaw microspectrometer equipped with 532 nm point-based laser. In all cases power density was kept below 1 mW μm −2 to avoid laser heating effects. Raman samples were measured in solid state under ambient conditions. The resulting spectra (after at least 30-40 random locations on each sample) were fitted with Lorentzian-shaped bands in their D, G and 2D peaks to ascertain band positions, widths and intensities. UV spectroscopy. UV-Vis spectra were recorded in 1 cm quartz cuvettes on a Cary 5000 UV-vis-NIR spectrophotometer. Dual beam mode and baseline correction were used throughout the measurements to scan the maximum absorbance at 660 nm for FLG, for 2 h and 24 h at different time intervals. The concentration of graphene samples was determined from the optical absorption coefficient at maximum absorbance, using A = α·l·c, where l (m) is the light path length, c (g L Brunauer-Emmett-Teller (BET) experimental setup. The total surface-area concentration and the amount of nitrogen gas required to condensate a monolayer was measured experimentally using BET equipment through isotherms of adsorption and desorption and the distribution of the size of pores. These experiments were measured in a Gemini VII, Micromeritics brand; nitrogen gas was used as an adsorbate and tests were performed at liquid nitrogen temperature (−195.79°C) . For this test, the samples were degassed prior to the adsorption measurements.
Transmission electron microscopy (TEM). TEM analyses were performed on stable dispersions of graphene (the same used for Raman analysis) diluted as necessary and dip-cast on Lacey copper grids (3.00 mm, 200 mesh), coated with carbon film, and dried under vacuum. The sample was investigated using a High-Resolution Transmission Electron Microscope (HRTEM) JEOL 2100 at an accelerating voltage of 100 kV.
Cell culture. 
Statistical analysis
Data are expressed as mean ± S.E.M. Statistical analysis was carried out with GraphPad Prism 6, using one-way ANOVA (Kruskal-Wallis test) followed by a statistical test for multiple comparisons (Dunn's test). Differences were considered significant at *p < 0.05; **p < 0.01; ***p < 0.001.
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